Hazard scenarios can involve multiple stimuli, such as heating followed by fragment impact (shock). The shock response of LX-04 (85 weight % HMX and 15 weight % Viton binder) preheated to temperatures near 170C is studied in a 10.2 cm bore diameter gas gun using embedded manganin pressure gauges. The pressure histories at various depths in the LX-04 targets and the run distances to detonation at several input shock pressures are measured and compared to those obtained in ambient temperature LX-04. The hot LX-04 is significantly more shock sensitive than ambient LX-04. Ignition and Growth reactive flow models are developed for ambient and hot LX-04 to allow predictions of impact scenarios that can not be tested directly.
INTRODUCTION
With safety issues playing a dominate role in present-day energetic materials technology, concern is increasing about the relative safety of solid high explosives exposed to extreme environmental conditions.
High energy materials based on octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) are particularly important. LX-04, which contains 85 weight % HMX and 15 weight % Viton binder, is a widely used HMX-based plastic bonded explosive. The sensitivity of LX-04 to single stimulus such as heat, impact, and shock has been studied. Hazard scenarios can involve multiple stimuli, such as heating to temperatures close to thermal explosion conditions followed by fragment impact, producing a shock in the hot explosive. This scenario has previously been studied for triaminotrinitrobenzene (TATB)-based insensitive solid explosives under various thermal and confinement conditions (1-3). The shock sensitivity of heated LX-04 is compared to that of ambient temperature LX-04 using embedded manganin pressure gauges (4) and reactive flow calculations (5).
EXPERIMENTAL
The experimental geometry for the heated LX-04 embedded gauge experiments is shown in Fig. 1 . A 12.7 mm thick, 90 mm diameter aluminum flyer plate impacted a target consisting of a 6 mm thick, 90 mm diameter aluminum buffer plate, a 20 mm thick, 90 mm diameter LX-04 charge and a 6 mm thick, 90 mm diameter aluminum back plate. Heaters were placed within the aluminum plates and heated the LX-04 to approximately 170C at a rate of 10C/minute. When the nine thermocouples in the aluminum and LX-04 showed that the whole assembly was within a few degrees of 170C, the shot 
REACTIVE FLOW MODELING
The Ignition and Growth reactive flow model uses two Jones-Wilkins-Lee (JWL) equations of state, one for the unreacted explosive and another one for the reaction products, in the temperature dependent form:
where p is pressure in Megabars, V is relative volume, T is temperature, ω is the Gruneisen coefficient, C v is the average heat capacity, and A, B, R 1 and R 2 are constants. The equations of state are fitted to the available shock Hugoniot data. The reaction rate law is:
where F is the fraction reacted, t is time in µs, ρ is the current density in g/cm 3 , ρ o is the initial density, p is pressure in Mbars, and I, G 1 , G 2 , a, b, c, d, e, g, x, y, and z are constants. This three term reaction rate law models the three stages of reaction generally observed during shock initiation of pressed solid explosives (5) . The equation of state parameters for ambient and hot LX-04, aluminum, and Teflon, and the Ignition and Growth rate law parameters are listed in Table 1 . The reaction rates are similar to those used for LX-10 (6) and PAX2A (7). The hot spot growth rate parameter G 1 in Eq. (2) is varied to match the experimental data. Table 2 contains the experimental flyer velocities, impact pressures, and run distances to detonation for the ambient temperature LX-04 shot and the four hot LX-04 shots. Figure 2 shows the measured and calculated pressure histories at the six gauge locations in ambient temperature LX-04 impacted by a Teflon flyer plate at 0.956 mm/µs. The gauge records show rapid pressure increases, but detonation is not quite attained in the 20 mm thick charge. The agreement between the experimental records and the Ignition and Growth calculations is excellent. A growth reaction rate coefficient G 1 value of 100 is used for LX-04 in Fig. 2 . This value is similar to the values of G 1 = 120 for LX-10 (94.5 % HMX, 5.5 % Viton) and G 1 = 90 for PAX2A, which contains 85 % HMX in a different binder.
COMPARISON OF RESULTS
Two comparisons for hot (170C) LX-04 are shown in Figs. 3 and 4 . Roth (8) , in a shock initiation study of PBX 9404 at 150C, found that its density at that temperature had decreased from 1.84 to 1.77 g/cm 3 . The density of LX-04 is assumed to decrease from 1.866 to 1.77 g/cm 3 at 170C (443K). The unreacted equation of state for hot LX-04 in Table 1 is adjusted for these initial conditions. 3 and 4 clearly demonstrate that LX-04 is significantly more shock sensitive at 170C than at ambient temperature. The highest aluminum impact velocity, 0.886 mm/µs, produces a 4.3 GPa shock in hot LX-04 and a 4 mm run distance to detonation. For these three impact pressures, the Ignition and Growth model yields excellent results using a value of G 1 = 210, which is essentially double the ambient hot spot growth rate. The increases in shock front pressure measured by the embedded gauges in Figs. 3 and 4 for hot LX-04 are similar to those in Fig. 2 for ambient LX-04. This indicates that the amount of LX-04 ignited near the shock front does not increase substantially at 170C and that the increase in shock sensitivity is mainly due to the more rapid growth of reacting hot spots into the surrounding preheated explosive (9) . The modeling results support this conclusion, since the only increase with temperature is in the G 1 coefficient. The lowest aluminum impact velocity, 0.373 mm/µs, in Table 2 imparts about 1.5 GPa into the hot LX-04. Little or no reaction is observed at this input shock pressure, and thus the run distance to detonation at 1.5 GPa is much greater than 20 mm.
The increased shock sensitivity of LX-04 at 170C is shown in terms of run distance to detonation versus input shock pressure in Fig. 5 . Also shown in Fig. 5 are the "Pop Plots" for ambient LX-04 and PBX 9404 (10) . Raising the temperature of LX-04 increases its shock sensitivity close to that of PBX 9404, which contains 94% HMX and an energetic binder based on nitrocellulose.
SUMMARY
The shock sensitivity of LX-04 heated to 170C has been quantitatively demonstrated to be greater than that of ambient temperature LX-04. Its run distance to detonation versus impact pressure curve is similar to that of PBX 9404. The Ignition and Growth reaction rates for LX-04 are similar to those previously developed for other HMX-based formulations. The only changes for hot LX-04 are a lower initial density and an increase in the hot spot growth coefficient G 1 from 100 to 210. This implies that the increased sensitivity of LX-04 at 170C is mainly due to the faster growth of hot spot reactions following ignition. Additional experiments are planned in which the LX-04 is completely confined to limit thermal expansion during heating.
